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DUH VHQVLWLYH WR LQSXW SDUDPHWHUV 7KHPLFUR VFDOH EHKDYLRXU FRXOG
FKDQJHWKHPHFKDQLVPRIWKHVRLOVWUXFWXUHLQWHUDFWLRQ$'(0PRGHO




GHIOHFWLRQ 7KH DFFXPXODWHG SHUPDQHQW SLOH ODWHUDO GLVSODFHPHQWV
LQGXFHGE\WKHF\FOLFODWHUDOORDGVZHUHIRXQGWREHGHSHQGHQWRQWKH





+( RIIVKRUH ZLQG IDUP LQGXVWU\ LV H[SHULHQFLQJ UDSLG
H[SDQVLRQLQPDQ\FRXQWULHV7KLVVLWXDWLRQLVGULYHQE\WKH
GHPDQGIRUUHQHZDEOHVXVWDLQDEOHDQGJUHHQHUHQHUJ\VRXUFHV
DQG VWURQJ SXEOLF VXSSRUW ,QFUHDVLQJ SROLWLFDO DQG VRFLDO
SUHVVXUHV WR UHGXFH FDUERQ GLR[LGH HPLVVLRQV DQG VRFLHW\¶V
GHSHQGHQFHRQIRVVLO IXHOVKDYHGULYHQ WKHGHPDQGIRUJUHHQ
VXVWDLQDEOH HQHUJ\ VRXUFHV >@ 3LOH IRXQGDWLRQV DUH ZLGHO\
XVHGWRVXSSRUWYDULRXVW\SHVRIVWUXFWXUHVIRUVLWXDWLRQVZKHQ
VKDOORZ IRXQGDWLRQV XQGHUJR H[FHVVLYH VHWWOHPHQWV RU KDYH
LQVXIILFLHQW EHDULQJ FDSDFLW\ 0RQRSLOH IRXQGDWLRQV DUH WKH
PDLQW\SHXVHGIRUZLQGWXUELQHVDWSUHVHQW7KH\DUHDOZD\V
VXEMHFWHG WR VLJQLILFDQW F\FOLF ODWHUDO ORDGV GXH WR ZLQG DQG
ZDYHDFWLRQV7RGD\WKHGHVLJQRIPRQRSLOHVLVFDUULHGRXWE\




ZLWK D VPDOO ORDG HFFHQWULFLW\ >@ (YHQ WKRXJK WKLV




8QLYHUVLW\ &ROOHJH /RQGRQ /RQGRQ 8QLWHG .LQJGRP HPDLO
QGXDQ#XFODFXN
7KH F\FOLF ODWHUDO ORDGV PHQWLRQHG DERYH FDQ LQIOXHQFH




LQ D F\FOH DQG WKHPD[LPXPPDJQLWXGHRI ORDG5HHVH DQG
0DWORFN>@GHYHORSHGDPHWKRGWRFRQVLGHUWKHHIIHFWRIF\FOLF
ORDGV,WLVEDVHGXSRQDFORVHGIRUPVROXWLRQIRUDEHDPRQDQ
HODVWLF IRXQGDWLRQ ZLWK D OLQHDUO\ LQFUHDVLQJ VRLO UHDFWLRQ
PRGXOXV /,60 WKDWFKDQJHVSURSRUWLRQDOO\ZLWKGHSWK7KH
/,60PHWKRGSURYLGHVDVLPSOHSURFHGXUHIRUSUHGLFWLQJ WKH
HIIHFW RI F\FOLF ODWHUDO ORDGV KRZHYHU LW FDQQRW H[SOLFLWO\
DFFRXQW IRU HIIHFWV RI QRQOLQHDU VRLO UHVSRQVH $FFRUGLQJ WR
ILHOGWHVWUHVXOWVRILQVWUXPHQWHGSLOHVVXEMHFWHGWRF\FOLFORDGV
5HHVH&R[>@GHYHORSHGDVHPLHPSLULFDOQRQOLQHDUS\VRLO
UHVLVWDQFHSLOH GHIOHFWLRQ DSSURDFK LQ ZKLFK GHJUDGDWLRQ
IDFWRUV REWDLQHG HPSLULFDOO\ DUH XVHG WR SUHGLFW F\FOLF S\
UHODWLRQVKLSV EDVHG XSRQ GHJUDGHG VWDWLF S\ FXUYHV
$GGLWLRQDOO\2
1HLOODQG0XUFKLVRQ>@VXJJHVWHGWRJHQHUDWH
F\FOLF S\ FXUYHV E\ UHGXFLQJ WKH VWDWLF VRLO UHVLVWDQFH IRU D
JLYHQ GHIOHFWLRQ ,Q ERWK DSSURDFKHV PHQWLRQHG DERYH WKH
F\FOLF S\ FXUYHV DUH LQGHSHQGHQW RI WKH QXPEHU RI F\FOHV
+RZHYHU SDUDPHWHUV UHTXLUHG LQ WKLV VRSKLVWLFDWHG DSSURDFK
DUHGLIILFXOWWRREWDLQIURPVLWHFKDUDFWHUL]DWLRQVWXGLHV%DVHG
RQSUHYLRXVWHVWGDWD/RQJDQG9DQQHVWH>@LPSURYHGWKHS\
DSSURDFK WR FRQVLGHU WKH HIIHFW RI WKH QXPEHU RI F\FOHV
1HYHUWKHOHVV RQO\  RU OHVV F\FOHV RI ODWHUDO ORDGV DUH
H[HFXWHGLQPRVWRIWKHWHVWVFRQVLGHUHG0RUHRYHUWKHXVHRI
S\FXUYHVRIWHQIDLOVWRDFFRXQWIRUWKHSHUPDQHQWGHIRUPDWLRQ
WKDW DFFXPXODWHV ZLWK LQFUHDVLQJ F\FOHV >@ 7KHUHIRUH
DGGLWLRQDO F\FOLF ORDG WHVWV QHHG WR EH FRQGXFWHGZLWKPDQ\
PRUHF\FOHVWKDQSUHYLRXVO\WREHWWHUXQGHUVWDQGWKHLQIOXHQFH
RIF\FOHQXPEHUV
,Q ILHOG WHVWV LW LV GLIILFXOW WR H[HUW F\FOLF ORDGLQJ RQ
PRQRSLOHVZLWK ODUJH GLDPHWHUV GXH WR WKH OLPLWDWLRQV RI WHVW
IDFLOLWLHVDQGKLJKFRVWV+RZHYHUFHQWULIXJHPRGHOOLQJRIIHUV
DQHIIHFWLYHZD\WRXQGHUVWDQGWKHLQIOXHQFHRIF\FOLFORDGVRQ
SLOHG IRXQGDWLRQV&RPSDUHGZLWK ILHOG WHVWV FHQWULIXJH WHVWV
DUH PRUH FRQYHQLHQW HIILFLHQW DQG FKHDSHU &HQWULIXJH
PRGHOOLQJ SURYLGHV DQ HIIHFWLYH WRRO IRU UHVHDUFKHUV LQ
JHRWHFKQLFDOHQJLQHHULQJDVLWDOORZVWKHVWXG\RIJHRPHWULFDOO\
FRPSOH[ SUREOHPV LQYROYLQJ VRLO QRQOLQHDULW\ &HQWULIXJH




WHVW )RU WKHVH UHDVRQV LW LV RIWHQ EHQHILFLDO WR VXSSOHPHQW D
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DQDO\VHV FDQ SURYLGH DGGLWLRQDO LQVLJKWV LQWR WKH REVHUYHG
EHKDYLRXU IURP WKH FHQWULIXJH H[SHULPHQWV DQG DOORZ
LQYHVWLJDWLRQRIFHUWDLQH[SHULPHQWDOFRQGLWLRQV
7KH'(0LV UHIHUUHG WRE\&XQGDOODQG6WUDFN >@DV WKH
SDUWLFXODUGLVFUHWHHOHPHQWVFKHPHWKDWXVHVGHIRUPDEOHVRIW
FRQWDFWV DQG DQ H[SOLFLW WLPHGRPDLQ VROXWLRQ RI WKH RULJLQDO
HTXDWLRQVRIPRWLRQ7KH3DUWLFOH)ORZ&RGHLQ'LPHQVLRQV
3)&'LVDSURJUDPPLQJFRGHZKLFKLVGHYHORSHGE\,WDVFD
7KLV VRIWZDUH XVHV WKH '(0 WR VLPXODWH WKH PRYHPHQW DQG
LQWHUDFWLRQ RI FLUFXODU SDUWLFOHV DQG REVHUYH WKHLU VWUDLQ DQG
IUDFWXULQJ EHKDYLRXU DQG DOO '(0 SURJUDPV DOORZ ILQLWH
GLVSODFHPHQWV DQG URWDWLRQV RI GLVFUHWH ERGLHV LQFOXGLQJ
FRPSOHWH GHWDFKPHQW >@ 3)&' FDQPRGHO HLWKHU ERQGHG
FHPHQWHG RU XQERXQGHG JUDQXODU JURXS RI SDUWLFOHV >@
DQG DOVR SDUWLFOHV RI DQ\ VKDSH XVLQJ WKH FOXPS ORJLF
7KHUHIRUHLWLVDSRZHUIXOWRROWRVLPXODWHFRPSOH[SUREOHPVLQ
VROLG PHFKDQLFV URFN PHFKDQLFV DQG JUDQXODU IORZ $W WKH
VDPHWLPHLWDOORZVIRUDGHWDLOHGVWXG\RIWKHPLFURPHFKDQLFV
VXFK DV WKH IRUFH QHWZRUNV IRUPHG E\ D JUDQXODU PHGLD
7KHUHIRUH'(0LVDQDWWUDFWLYHFDQGLGDWHIRUWKLVWDVNDVLWFDQ
UHSOLFDWH FRPSOH[ VRLO EHKDYLRXU ZLWK WKH XVH RI UHODWLYHO\
VLPSOHLQWHUSDUWLFOHFRQWDFWPRGHOV
,Q WKLV UHVHDUFK D VHULHV RI F\FOLF ODWHUDO ORDG WHVWV ZHUH
FRQGXFWHG LQ WKH '(0FHQWULIXJH PRGHO 7KH IUHTXHQF\ RI
F\FOLFORDGLQJXVHGLQPRGHOZDVGLVFXVVHG$OVRWKHLQIOXHQFH
RI F\FOLF ODWHUDO ORDGV RQ WKH SLOH ODWHUDO GLVSODFHPHQW LV
LQYHVWLJDWHG
,,'(002'(/,1*2)&(175,)8*(02'(/
A. Sample Characteristics and Model Setup 







SDUWLFOHV$W WKH ILUVW VWDJHZKHQ WKH LQLWLDO DYHUDJHSRURVLW\
ZDVQHDUO\ UHDFKHG WKHPRGHOZDVF\FOHG WRHTXLOLEULXP$W
WKHVHFRQGVWDJHWKHVSHFLDOJUDYLW\gZDVDGGHGDQGWKH
3)&PRGHOZDVF\FOHGWRHTXLOLEULXPDJDLQ7KLVPRPHQWWKH







WKH '(0FHQWULIXJH SURJUDP )LJ  VKRZV D VNHWFK IRU
DQDO\VLV RISLOHVRLO LQWHUDFWLRQ DQG)LJJLYHV WKHSDUWLFOHV
VL]HGLVWULEXWLRQlLPHDQVWKHSHQHWUDWLRQGHSWKleLVWKHORDG
HFFHQWULFLW\7KH3)&PRGHORIFHQWULIXJHWHVWZDVVLPXODWHGD
VROLG VWHHO SLOH ZLWK GLDPHWHU dpile   PP DQG SHQHWUDWLRQ
GHSWKP7KHPDWHULDOPRGHOOHGLVFRPSRVHGRIGLVNVZLWKD
PD[LPXPGLDPHWHURIPPDPLQLPXPGLDPHWHURIPP












ks /kn SDUWLFOHVWLIIQHVVUDWLR 
kn FRQWDFWQRUPDOVWLIIQHVVRIZDOOV1P H











)LJ  GHVFULEHV WKH FRPSDULVRQ RI DYHUDJH ODWHUDO DQG
YHUWLFDOVWUHVVGLVWULEXWLRQIRUGLIIHUHQWGHSWKVDQGVKRZVKRLV
UHDVRQDEOH
7KH SLOH ZDV WUHDWHG DV D ULJLG PDWHULDO LQ YLHZ RI KLJK
ULJLGLW\ RI D W\SLFDO PRQRSLOH KHQFH WKH FRQVLGHUDWLRQ RI
EHQGLQJPRPHQWZDVLJQRUHG7KHYHUWLFDOORDGDQGODWHUDOORDG
ZDVDSSOLHGWRWKHJURXQGVXUIDFHRQWKHWRSRISLOH
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B. Centrifuge Laws and Dimensionless Analysis 
,QRUGHUWRFRPSDUHZLWKDVFDOHFHQWULIXJHH[SHULPHQW
RQGUDLQHGVDQGFRQGXFWHGDWJWKDWPRGHOOHGWKHEHKDYLRXU
RI PRQRSLOH IRXQGDWLRQV IRU RIIVKRUH ZLQG WXUELQHV WKH
SDUWLFOHVJUDYLW\LQ'(0FHQWULIXJHPRGHOLVDOVRPRGHOOHGDW
















7KH JUDYLW\ ILHOGZDV LQFUHDVHG WR REWDLQ D VFDOLQJ IDFWRU RI
DSSUR[LPDWHO\  7KLV UHVXOWHG LQ SURWRW\SH SLOHV ZLWK D
GLDPHWHU RI  P DQG SHQHWUDWLRQ OHQJWK  P 7KH WHVW








1RUPDOO\GLPHQVLRQDODQDO\VLV LVXVHG WR WUDQVIRUPUHVXOWV
IURP PRGHO WR SURWRW\SH VFDOH >@ KRZHYHU WKLV UHTXLUHV
VRPH NQRZOHGJH RI WKH UHOHYDQW SKHQRPHQD WR EH DEOH WR
GHWHUPLQHWKHJRYHUQLQJSDUDPHWHUVIRUODWHUDOORDGLQJRISLOHV
HJ5DQGROSK>@4XDVLVWDWLFODWHUDOORDGLQJRIWKHPRQRSLOH
LV DVVXPHG LQ WKLV DQDO\VLV ZLWK QR SRUH SUHVVXUH EXLOG XS
GXULQJ ORDGLQJ 7KH QRUPDOL]HG IRUFH DQG GHIOHFWLRQ DUH
GHILQHGDVDQG
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F\FOHVDUHFDUULHGRXW WR WKHVWDWLFEHDULQJFDSDFLW\ȗb  LV
WKHUHIRUHF\FOHVFDUULHGRXWWRWKHPD[LPXPEHDULQJFDSDFLW\
ȗcGHVFULEHVWKHGLUHFWLRQRIWKHORDGLQJ)RURQHZD\ORDGLQJȗc
  DQG IRU WZRZD\ ORDGLQJ ȗc   7KH YDOXH ȗb LV WKXV D
PHDVXUH RI KRZ FORVH WKH F\FOLF ORDGLQJ LV WR WKHPD[LPXP
ORDGFDSDFLW\DQGȗcLVGHILQLQJWKHFKDUDFWHULVWLFRIWKHF\FOLF
ORDGLQJ )URP WKHVH QRQGLPHQVLRQDO SDUDPHWHUV D WHVW






,Q7DEOH ,,, WKHUHZHUH VXPPDULVHG D VHULHV RI QXPHULFDO
WHVWV 7KH YDOLGLW\ RI WKH QXPHULFDO PRGHO ZDV YHULILHG E\
FKHFNLQJ WKH SLOH ORDG WHVW GDWD DJDLQVW D FRPSUHKHQVLYH
SXEOLVKHGFDVH7KHFHQWULIXJHH[SHULPHQWWHVWVSHUIRUPHGE\
.OLQNYRUW >@ ZHUH D VLQJOH SLOH XQGHU ODWHUDO F\FOLF ORDGV
DSSOLHGWRWKHSLOHKHDGDWWKHWRSRISLOH
/RQJWHUP F\FOLF ORDGLQJ RI WKH ZLQG WXUELQH IRXQGDWLRQV
PD\ FKDQJH WKH VRLO VWLIIQHVV DQG KHQFH WKH UHVRQDQW
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GHIRUPDWLRQV 6LWHVSHFLILF VSHFWUDO GHQVLWLHV IRU ZLQG DQG
ZDYHVFDQEHGHULYHGIURPDYDLODEOHPHDVXUHGGDWDPHWRFHDQ
GDWDEDVHVRUQXPHULFDOPRGHOV7KHH[FLWDWLRQUDQJHVȍDQG
ȍ DQG WKH UHDOLVWLF QRUPDOL]HG SRZHU VSHFWUD UHSUHVHQWLQJ
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,QWKLVWDEOHWKHRUGHURIH[SHULPHQWLVQRWFRQWLQXRXVEHFDXVHRQO\SDUWVRI
PRGHO WHVWVZHUH SLFNHGXS IRU DQDO\VLV7KLV VHTXHQFHZLOO EH VDPH DV WKH





H[FLWDWLRQ UDQJHV RI D PRGHUQ RIIVKRUH ZLQG WXUELQH 7KH
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)LJ  LQGLFDWHV WKDW WKH ORFDWLRQ RI SLOH FKDQJHVZLWK WKH




















,Q WKLV SDSHU GLIIHUHQW H[DPSOHVRI F\FOLF ODWHUDO ORDG WHVW
KDYH EHHQ GHVFULEHG $OO WHVWV KDYH EHHQ PRGHOOHG E\
'(0FHQWULIXJH PRGHO 2QH FRPPRQ IDFWRU IRU DOO WKH
SUHVHQWHGWHVWVLVWKDWWKH\KDYHEHHQPRGHOOHGLQGU\VDQG7KH
VDQGORFDWHGRIIVKRUHZKHUHPRQRSLOHVDUHLQVWDOOHG LVGHQVH
VDQG EXW LW LV QRW GU\ 7KLV PHDQV WKH FRQGLWLRQ IRU D UHDO





WKH PHFKDQLVPV VXUURXQGLQJ VRLO DQG DFFXPXODWHG
GLVSODFHPHQWFRUUHVSRQGLQJWRRIIVKRUHFRQGLWLRQV
7KHQXPEHURIF\FOHVLVDQRWKHULVVXHZKLFKKDVWREHWDNHQ
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